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DATA STRUCTURE FOR SEARCH 



BACKGROUND OF THE INVENTION 

1 - Field of the Invention 

Thft present invention relates to a data search system, 
and in particular to a data structure for search and a method 
of constructing the same, 
5 2- Description of the Related Art 

Ae a data search method, there have been known a table 
isedxch IhdL ub-es a Lable for bearch and a. r<aaiA yyarcjU lhal usyy 
a tree structure for search. The table search such as a linear 
search or a binary search has a disadvantage that it takes 

lu increasingly much time tor searcn witn increase m tne amount 
of data to be ccarchod. 

The radix search treats data as srrinas of symbols selected 
from a limited number of kinds of symbols and uses a trae 
iiLxLLcLurti ill which a seL of Lhe alrinyss of iiyiribols ib clasi>ifled 

15 according to a sequential one of symbols starting at the top 
of each string of symbols and each node is linked to several 
others by branches. Each node linked to zero or more cJiiidren 
stores pointers to zero or more children as many as the number 
Of Kinas mciuaea m tne strinq of symbols . proviaea witn searcn 

20 data consisting of a plurality of e^^mibols, the radix search is 
carried out by following nodes ol the tree fi^om a parent to its 
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solected child according to a sequential one symbol o£ the givon 
search data until a target is found. 

Taking a InngAPit prp.fi v s^mtc^ mf?.tbod as an p.vample , the 
radix search method will be described in detail. In the longest 

5 Drerix searcn meinoa, eacn item ot data to be searcneci is 

rcprcGcntcd by a fixed- length (L) or Iccc string of bite and 
has its rslatea information, wnen proviaed witn search data, 
all itsms of data matching the search data ar© found and one 
iLutt huviuy Lhe luuyt;:?L iualch (imuuy Lheai 1^ b'elecled ab a Lci^yel. 

10 In the case where each item of data to be searched and 

its related information as shown in Fig. 1, a binary tree in 
which the data is stored is shown in Fig. 2. For example, when 
3carch data ''0001111" is provided, the search ic carried out 
Dy foliov/mq nodes m tne order presented; Nl, nz, N4, n6, 

15 and N7 while reading the related information from a node having 
a node inrormatlon flag set (indicated by blacked circle) . In 
thi.c; Hri.qR, rif thft nodA.q N:^ , N6, and N7, th<=i nodA 1 nf nrraat 1 on 
flag is set. In other words, the item of data stored in each 
ot these nodes n:5 , N&, and N7 matches tne search data. Among 

20 them, the related information "D" stored in the node N7 having 

the lonqest match (the lowest level) is orstalned as a target . 
Assuming that the time required to follow one node is T, 
Lhfci maxiiuuiiL bearch Lime is 6T in the case of Fig. 2, 

Tn OTder to rpdncp. thR dpipth nf a trpipi to FihortAti 
25 the maximum gearch time, N-ary tree structure (N > 2) is usually 

employed. In the case of N=4 (quad tree structure] , the search 



200 1 01/25 THU 13:50 FM 03 3288 3222 KtGuraei Patent ^ OSTROLEM 



i 005/059 



FQ5-512 ^ 

data is se^quentlally read in units of tvo bits. Accordingly, 
an itftm of data consisting of an odd number of bits is expended 
to data having a bit length of an integral multiple of 2 so ap 
to meet the quad tree structure. For example, 5 bit data "00011" 
having the related information "D" is expanded to two items of 
6-bit data* ^'OOOilO" aad "000111", each having the same related 
iiif ormiiLlun "D", atj ahowu in Fly. 3. 

In the case where each item of expanded data to be searched 
and its related information as shown in Fig. 3, a quad tree in 

1(1 whir.h thA ci^tri i c; storftd is shown in Fig. 4. Kach node stor^^s 
data having a format composed of a node information flag field 
ir'Ca. a pointer field having four pointers each corrasponding 
branches: "00", "01", ''10% and "11" to its child nodes, and 
cL relciLed laforuiaLluu field. The nude luf ojLiiiaLluu flay FG Is 

15 set to 1 when storing data and to 0 when storing no dritfl. In 
the node N2, for example, the node information flag FG is set 
to 1. The respective tour pointers each corresponding to "UO" , 
"01'\ "10", and "11" indicate N3, N4, N5 and NULL , which means 

thai the node NZ has three corresponding branches to the 
20 child nodes N3, N4 , and N5 and has no branch for "11" . The node 

N2 iiLore:^ Lhe relaLed Inf uxuLalluu A. 

For example, when search data "0001111" is provided, th^ 

search is carried out by following nodes in the order presented; 

Ni. N4, ana N7 while reading the reiatea iniormation 
25 from nodec N2 , N4, and N7 each having the node information flag 

FG set to 1 (indicated by blacked circle). In this case, the 
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item of data stored in each of these nodes U2 , N4. , and N7 matches 
the search data ""0001111"- Among them, the related inlormatior; 
"D" 5?torft(i 1n the node- N7 having thA Inngftst matnh (thp. lowest 
level) is obtained as a target. Assuming that the time required 
5 to tollow one node is T. the maximum search time is 4'i' in the 
ca£;e of Pig. 4. Compared with the binary tree as shown in Fig. 
2, the quad tree reduces its maximum search time to two -thirds 
the mavimum search time of the binary tree. 

Huwevei. , if N fur N-aiiy Ixee li^ beL Lo d large namber so 

10 as to shorten the maylmiim seaTch time, then the nnmhp.r of nndA?; 
having the same related information is increased by expanding 
the aata to meet the w-ary tree, in addition, since the size 
of one node and the number of pointers included therein are also 
increased in proportion to N, an increasing amount of memory 

15 is needed. 

For example, in the case of each node storing 1-bit node 
information flag FG, four 6-bit pointers, and 8-bit related 
information, each node needs 21 bits 1 + 6 k 2 -i- 8) for the 
binary tree and bits (=1 + 6x4 + 8) for the quad tree. 

20 The total of bite needed in the binary tree ae shown in Fig. 
2 IS 21 (bits) X 15 (nodes) = 315 bits and the total ot bits needed 
in the quad tree as shown in Pig. 4 is 33 (bits) ^ 14 (nodes) = 
462 bits. Assuming that the length of bits per address in 
a mpmo-ry ^tnri ng thft data tn hR fip.arohftd 1 s 32 h1 t.s , 1 5 addresses 

25 are needed for the binary tree but 26 addreasea for the quad 
tree. 
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Ap: c?e..?cribed above , according to a conventional N-ary tra^ 
data structure, the number of nodes having the same related 
information Is increased by expanding the data to meet thft N-ary 
tree. In addition, since the size of one node and the number 
: 5 of pointers mciuaea tnerein are also increased m proportion 
to N, an increasing amount of memory is needed. 



SUMMARY OF THE IN^/ENTION 

An object of the present invention is to provide a data 
search sysxem and a data structure allowing the necessary amount 

iO of memory to be reduced while maintaining or improving search 
performance, compared witli the radix search meLhod. 

According to the pr^s^nt invention, a data structure in 
which items of data are stored for search, includes: a tree 
structure in which the items of data are stored except for a 

15 portion of the items of data corresponding to a sub -tree 
structure, which is a selected portion of an assumed tree 
structure formed by ail the items of data; and an equivalent 
table storing Lhe purLlua of the Itema of delta in Ldbie foiiiu 
ThA tr&A structure may include a plurality of nodes, each 

20 of which is composed of a node information flag, a plurality 
of pointers each corresponding to predetermined brancnes, ana 
related information, wherein each of the pointcro indioatcc one 

Of its Child node, tne equivalent table, and null. The 
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equivalent table may include a plurality o£ entries, each of 
which is composed ul a Ld.ble iiude inf uiiua Lluii flcay, a LcLll entry 
flag, a data bit string, a search bit length, and re-lated 
information . 

:) Tne aata bit string may be arranged so that a length of 

the data bit string is equal to that o£ search data, wherein 
the search bit length indicates a length of an original data 
bit string to match with the search data. The entries in the 
equivdleuL Idble iiidy be s Lured at consecutive lucdLluiit; in 
iO a memory. 

The 5ub-tree structure may be selected so as to satisfying 
thft following nondi ti on5? : a) an amount of me^mory required to 
store the data structure Is smaller than that required to store 
the assumed tree structure; and bl search performance of the 
15 data structure is not lower than that of the assumed tree 

4ccorciing to another a^^pect of the prec;ent invention, 
a method for constructing a data structure in which items of 
data are stored for search, includes the steps of: a) forming 
20 an acGumcd tree structure in which all the itcmc of data arc 

Stored; b) sequentially selecting a node from tne assumed tree 

sLructure to select a sub-tree structure designated by the 
belfciuLed uudti; c) furmiuy an equivalenL Lablt; bLuiiny a. puxLion 
nf thp. item? of data nnrre.spnnr^ i ng to the selectp.r] 5^nb-tr(*.e. 
25 structure in a table form; d) determining whether the selected 
sub-tree structure satisfies the following conditions: 1} an 
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amonnt nf inftmnry rp.qnirftd to storA a data structure incinding 
th.e equivalent table in place of the selected 3ub tree structure 
IS smaller than that reguirea to store the assumed tree 
ctr-uoturc; and 2) cearch performance o£ the data structure is not 
-5 lower than that of the assumed tree structure; aua e) when Lhe 
selected sub-tree structure satisfies the conditions (1) and 
(2), replacing the selected 5ub-tree structure with the 
f^qni.va.l.ent table to nnn^trnnt thft d^^ta structure. 

The condition (1) may be that, when the selected 3Ub 

!(} tree structure is replaced With the equivalent table to form 
a new data structure, a maximum search time TmaK_t calculated 
from the new data structure does not exceed a maxlmuui iswciiuh 
time Tmax calculated from the assumed tree structure < The 
condition (2) may be that, when the selected sub- tree structure 

1^ i rp.pl arftd with the equivalent table to form a new data 
structure, a necessary amount of memory for the now data 

Structure is smaller than that for the assumed tree structure. 

A decision on whether the conditions (1) and (2) may be 
b-dlisfied is made depexidiay on whelhex the following equation 

20 is satisfied: 

Nc. ^ X K, when K = Te/Tn, 
wherft 1 the number of items of data included in the selected 
sub- tree structure, is the number o£ levels of the 
selected node or lower m the assumed tree structure. Tn is 

25 search time per node, and Te is search time per entry in the 
equi valeu L table . 
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According to fnrthpr another aspect of thp present 
invention, an apparatus for constructing a data structure in 
which items ot data are stiored for search, includes: a tree 
formation ccotion for forming an aGGumcd tree ctruaturc in which 

5 call tne liems of data are stored; a node selector for 

sequentially selecting a node from the assumed tree structure 
Lu b-ylecL a yub-Lxee :5lxucluLfci det?lyuaLed by Lke iitilfcjuLed uode, 
forming an equivalent table storing a portion of the jtems of 
data corresponding to the selected sub-tree structure in a table 

li) form, and determining the selected sub-tree structure when it 
satisfies the following conditions; 1) an airiount of memory 
required to store a data structure including tne eauivaient 
table in plac© of the selected sub-tree structure is smaller 
Lh<d.ii LhdL rec^uired Lo iiluxe Lhe diiiiuiufcid Liee sLruoLure; and 2) 

IS ?;p.arnh pp.rf orm^^nce of thft 6atri ?if rur±nr^. i ?; not lower than that 
of the assumed tree structure; and a data structure formation 
section for replacing the selected sub-tree structure 
satisfying the conditions (1) and (2) with the equivalent table 
correspondlnq to the selected sub-tree structure to construct 

20 the data structure. 

According to still another aspect ol the present invention , 
a .qftarnh .qy.citf^.m incliiriaa; a memory storing Pi data ?5triir:tiire in 
which items of data are stored for search, the data structure 
comprising: a tree structure m wnicn the items of data are 

25 ctorod oxocpt for a portion of the items of data corresponding 
Lu a aub-Liee bLiucLure. which Ls a aelecLed yuiliou of au 
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apsnmftd t.rp.ft «?t.rnct".urft formed by all thf^. it^ms of data; and an 
equivalent table storing the portion of the items of data in 
table form: and a search section for searching the data structure 
for an item of data matching input search data, 
5 The search system mdy further Include: a tree formation 

section for forming an assumed treo structure in which all the 
items ol data are stored; a node selector lor sequentially 
selecting a node from the ^^ssumed tre.A strnctnrp. to .qp.lprt rt 
sub-tree structure designated by the selected node, forming an 

lu equivalent table storing a portion ot the Items ot data 

corresponding to tho cclcotod cub-trcc ctruoturc in a table form, 
ana aetermining tne selected sub-tree structure when it 
satisfi&s the following conditions; 1) an amount of memory 
Lequijied to store a data structure including the equivalent 

n tahlp. in pi acp. of the. f^e.le.rted sub-tree structure is smaller 
than that required to store the assumed tree structure; and 2) 
search performance of the data structure is not lower than that 
of the assumed tree structure; and a data structure formation 
section for replacing the selected sub-tree structure 

20 satisfying the conditions (1) and (2) with tha *guival^nt table 
corresponding to the selected sub-tree structure to construct 
thA data .QtrnofnrA that Is storftd 1n thft m^.mory. 

According to another aspect of the present invention, a 
storage meaium for used in a search system, storing 

25 computer-readable items of data to bo searched in a data 

tiLJLucLuie. Lhe daLa bLiucluie comyxisiiiy : a Lxee tjLxacLure in 
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which the Items of data are stored Axc^pt for a portion of the 
items of data corresponding to a sub- tree structure, which is 
a seiectea portion ot an assumed tree structure termed by all 
the items of data; and an equivalent tabic ctoring the portion 
of the Items of data in table form, 

According to another aspect of th© prasant invention, a 
sLurayu medium b'luj-liiy a uumpuLer-readable pxuyxam Eul 
r.nnstn.icting a data structure in which items of data are stored 
for search, the program includes the steps of; a) forming an 
lU assumed tree structure in which all the items ot data are stored: 

b) aequentialiy selecting a node from the assumed tree structure 
to select a sub-tree structure designated Dy the selected node; 

c) forming an equivalent table storing a portion of the itams 
u£ data cui.rttiipuiidliiy Lo Lhe ijelecLed sub-tree structure in a 

IS tahlA farm; d) dp.tp.rmi n i ng whe.thftr t.hft .q<>lftcte.d suh-f.re.ft 

structure satisfies the following conditions; 1) an amount 
of memory required to store a data structure including the 
equivalent table in place of the selected eub-tree structure 
is smaller than that required to store the assumed tree 

20 structure; and 2) search performance of the data structure is not 
lower than that ol the assumed tree structure; and e) when the 
.qAlArt<=ir^ snb-tr^?A strnrtnrA c;;=if i i e-9 thA nondition?; (1) i^nd 
(2), replacing the selected sub-tree structure with the 
eauivalent table to construct the data structure. 

25 Ae deecribed above, the equivalent table stores a 

plui.o.llLy uf eiililes wilUouL Lhe zieed uf poliiLexii Lu child iiudeb 
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as in the case of a tree structure, resulting in reduced amount 
u£ mumury lequiied Lu a Lure Lhe d<iLd yLrucLure* 

Further, a node to be replaced with an equivalent table 
is selected on condition that^ if the node is replaced with the 
equivalent table, then the maximum search time for a new data 
structure including the equivalent tabic is not longer than the 
caicularea maximum searcn rime and the necessary amount 
of mQniory is reduced. In other words, when the number of items 
uf data existing at the uude or lower in the assumed tree 
structure is sufficiently small, the node is replaced with the 
equivalent table. Accordingly, the present invention provides 
a search system allowing the necessary amount o±" memory to be 
reduced without decreasing in performance compared with the 
conventional radix search method . 

H miKP nF.J^r.PTPTTON of THK DRAWTNaf^ 

t'lg. 1 is a aiagram snowing an example ot a sei or aara 

to be cearohed and ccrrcGponding related information ; 

Fig . 2 is a diagram showing a conventional binary tree 
structui^e in which the data to by searched arti stored; 

2ij Fig. 3 is a diagram showing a set of e>:panded data to be 

searchea and corresponamg reiatea mtormation. wnerern the 
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ftxpanf^ftd c\rLtB arp. obtainftd by Axpanding thA riat;^ ^<=: 5;hnwn m 
Pig. 1 to meet a quad tree; 

Fig* 4 is a diagram showing a conventional quad tree 
structure In whlcia tne expdnded data to be searched are stored; 

5 Fig. 5 is a schematic block diagram showing a data search 

c;y.qtftm that imp1 Amp.nts a data strnntnrp. accordi ng to thp pre<=;p.nt 
invention ; 

Fig. 6 ic a diagram showing an example of a data structure 
for search accordlnq to an first embodiment of the present 
10 invention; 

Fig. 7 is a flow chart showing a search operation using 
the data structure according to the first embodiment; 

Fig. 8 is a schematic block diagram showing a data search 
iyiileiu having a daLa cuui) traction section according to the 
15 present invention: 

Fig. 9 is a diagram showing an example of a set of data 
to be searched and corresponding related informations- 



Fig. 10 is a flow chart ehowing a data- etructur© 
construction operation according to an second embodiment o£ the 
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present invention; 

Fig. 11 IS a diagram snowing an example of a tree structure 
formed in a tra© formation section according to the second 
embuaiaieuL llie piy^itiuL iaivealiuu; and 

5 Fig- 12 is a diagram showing another ftxample of a data 

structure for search constructed by the second embodiment or 
the present invention. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Referring to Pig. 5, a search system is composed of a 
Hi computer 11 , an input device 21 such as a keyboara ana a pointing 
device, and an output device 31 nuoh as a monitor. The computer 
11 implements a search section 12 by running a program thereon. 
A memory 13 is a main memory for a processor to store a data 
structure according to the present invention < 
•] S Referring to V'ig. fi, a drita structure anr.nrrli ng to a fir.qr 

embodiment of the present invention is formed by an equivalent 
raoie ana a quad tree usca in tne raaix searcn. assuming 

the maximum bit length L = 8 bits. In thic example, the data 
structure as shown in Fiq. 6 is obtained by replacing the node 
20 N2 and its child nodes N3 -N7 as shown in Fig . i with the equivalent 
table N2_t . In other words . a set ol data represented by the node 
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N?. that ic;, all fh^. data inrJnrJp.d in a SAt nf hi i- .qtring.^ p.ar.h 
starting with "^OO"^ are stored in the equivalent table N2_t . 

AS shown in Fig. 6 > each of the nodes Ni . . Ny-iN14 s Lores 
information having a format composed of a node information flag 
5 field FG, a pointer field having four pointers each 

corresponding branches! "00", "01', "10'\ and "11" to its 
child nodes, and a related inlormation field. The node 
inforination flag TG i s(^t tn 1 whsrs c^tnring data to ha .sp.arnhftd 
and to 0 when storing no data to be searched. 

lu in the node Nl, tor example, the node mtormation flag 

FC is set to 0 because the node Nl does not store the related 
information correspondina to data to be searched. The 
respective four pointers each corresponding to 00" , "01", "10", 
and ^^11" indicate the equivalent table N2_t, NULL, NULL, and 

15 the. norJ(=*. N8 . Sinr.e. the. node Information flag FG is set to 0, 
the node Nl stores an invalid value - " in the related 
information field thereof. 

In the node N8, for example, the node information flag 
FG is set to 0 because the node N8 does not sLure data Lo be 

2G s^arch^d. Th© respective four pointers each corrAsponding to 
branches "GO", "01", "1C'\ and "11'* indicate NULL, the node N9 , 
NniJ., and thft node Nl 0 . Since the nodP- Information flag FG is 
set to 0, the node N5 stores an invalid value in the related 
inrormation tield thereof. 

25 In the node Nil, for example, the noda information flag 

FG is seL Lo 1 because Lhe uude Nil sLurea daLa Lu be beaiuhed 
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(here, "110100" ) . All four pointers each corraeponding to "00" , 
^'01", ^'10", and "11" liidlcdLt; NULL becciuse Lhe uoclc Nil Is a 
Ipaf mode- Since the node Nil stores the data ''llOloo", the 
related information "E'' is stored (see Fig. 3). 
5 Tfie equivaieni taoie HZjt stores as entries the items of 

data to be £:earched corrccponding to the node N2 and its 
child nodes N3-N7 as shewn in Fig. 4, Here, the respsctxve 
entries are located as entries at consecutive addresses in 
Ih^ lueiaory 13. Edch uf Lhe euLries stored in the equivalent 

10 tablA N2_t has a format composed of a 2 -bit table node 

information flag field FG, a tail entry flag field, a data bit 
String field, a search bit length field, and a related 
information field. 

A 2 -bit table node information flag FG is set to "2" for 

15 all thG entries of th© tabl© N2_t. A tail ontry flag is set to 
"1" for the IdSl euLiy and to "0" lox Lhe OLhex eiiLxleiii. A b Lrliiy 
of riata bit.c; for p.anh p.ntry i ?; fnrmpd by adding onp. or morp bit.? 
"0" to the corresponding item of data to be searched so that 
the Dli lengin o± ine corresponding item ot data is equal to 

20 the maximum bit length L (L = 9) of search data. The search bit 

length indicates the number ot bits to be searched from tne 
topmost bit. The related information field stores related 
information corresponding to the item of data to be ::>ecixched. 

F^F.Af^CH OPRPATTOK 

25 In the above- described data structure, when branching to 

a node having a node information flag ot "u" or "i", the search 
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i c; nriTTif^.c] nut hy fnl 1 owing thp trp.e of node-? while sequentially 
checking the search data in units of two bits as the case of 
Jr'ig. 4. When branching to one having tne noae intormatxon flag 
of "2", the control ie shifted to the equivalent table N2_t and 
5 the search operation is carried out by simply searching the 
equivalent table N2_t for an entry matching the search data. 
The details ol search operation will be described hereafter, 
l^ftf erring tn Fig. 7, whp.n inpntting ?;parr:h data through 
the input device 21. the search section 12 reads the information 

lu oi a root node trom the memory 13 storing the aata structure 
as chown in Fig. 6 (step Al). Then, the ccarch ccotion 12 
aetermmes whether tne node information flag fg of a node In 
question is "0" or "1" (step A2) . When the node information flag 
FG is "1", the search section 12 stores the I'elated information 

15 stored in the. nodft and a length of matching bits into a memory 
(not shown) (step A3). Here, a length of matching bits is 
dependent on the level of a node in question. For example, m 
a node at a level NL , a length of matching bits is 2 (NL - 
1) ^ 

2u After th^* step A3 or when the node information flag FG 

is ''0'', a pointer corresponding to the first 2 bits of the search 
data is selected from the tour pointers (step A4) and it is 
determined whether the value of the selected pointer is NULL 
(step Ab). if the value of the selected pointer is NULL (YES 

25 at st^ip AS); then the ssarch section 12 selects the 

longest matchiny Oiit; fx urn Lhe xelaled iuf uxiuaLiun s Lured and 
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outpiitc; 1 1. as a searnh rft.qult tn thft output clp.vic.e. .'^1 (st^.p AlP) 
and then the search operation is ended. 

If tne value of the selected pointer is not null (no at 
step A5), then ths search section 12 inputs the informa:;ion of 
5 a branch iudicaled Lhe isylttcled yuiuLer (i»tey hi LUls 

stage, it cannot be Jcnown if the branch indicated, by the selected 
pointer is a node or the first entry of the equivalent table. 
Therefore, the search section 12 accesses a selected number of 
addresses of the memory 13 starting with the address indicated 

iu by the selected pointer using one which of the number of 

addresses required to store data for a node and the number of 
addresseis required Lo is Lure data fur an exiLry of the equlvaleuL 
table is greater than the other. In the case where the number 
of addresses required to store data for a node is "2" and 

l:> the number of addresses required to store data tor an entry ot 
the cquivaLicat tabic is "1", the ccarch section 12 a^cccaooc the 
two addresses ot x and x+l, where the address x is indicated 
by the selected pointer. 

Alter the information of a branch indicated by the selected 

7,0 pnintf^r i inpnttPf^ (i^t-p.p hf\] , it is determined whether a norip 
information flag r'G is "2" (step A7} . Vifhen the node information 
nag ir'G is not "z" [m at step A7), tne control goes bacx to 
the step A2 and the search is carried out by f olloving the tree 
as indicated by the steps A2-A6. 

25 VJhen the node information flag FG is "2" (YES at step A7 ) , 

it means that the branch is the equivalent table N2_t . 
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Amordi ngl y ^ thp. 5;ftarr:h RP.n-h-ion ^7 dp.tftrrn-i nR<^ whp.thp.r the data 
bit string of a selected entry in the equivalent table 

H'lji matches rhe searcli data witn respect to tne searcii bit 
length thereof (ctop AS), 
^ When the data bit string of a selected entry In the 

equivalent table N2__t matches the search data with respect to 
the search bit length thereof (YES at step A3), the search 
ser:tinn 1? stnrp.f; th(» r(=;l^^tAd information storpri in thp. pntr-y 
in question and a length of matching bits (equal to the 
lU corresponding search bit length} into the memory (not shown) 
(step A9) . 

Alter tne step as or when tne aata bit strlnq of a selectea 
entry in the equivalent table N2_t does not match the search 
data wiLh xespecl to Lh« search bit length thereof (NO at step 
IS ) , it 1 c; dp.tprminpr] wht^thAr th*:'. (^ntry in qn#=Lf=;tinn i >t the. tail 

entry (step AlO ) - When the entry in question is not the rail 
entry CNU ar step Aiu), the subsequent entry is selected (step 
All) and then the steps A3 -AID are repeatedly performed until 
Lhe tail entry. When Lhe entry in question is the tail entry 
2U (YES at step AID), the search section 12 selects the 

longest matching one from the related information stored and 
outputs it as a search result to the output de.vi cp. 31 (step A12) 
and then the search operation ia ended. 

The search operation will be described taking the data 
25 structure ae shown in Fig, 6 as an example. 

Abbuuiiiiy LhaL ^^eaxch daLd "00011111" is iuyuL Lhxuuyh the 
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input aevice Zha searcn section 12 reads the information 
of the root node Nl from the momory 13 storing the data structure 
as shown in riq. 6 and then determines wnetner the node 
intormation flag FG of the node Nl is ""O" or "1" (stops Al and 
5 A2). Since the node inJ:ormatlon Ilag FG is "0" and Lliw rii.i)l 
?. bits of thp. <=;p.arr:h drita i <=; "00", the pointer for "00" 
corresponding to the first 2 bits of the search data is selected 
(Step A4] - Since the pointer for ''00" indicates the eguivalsnt 
tabic N2_t, the ccarch section 12 inputs the information of the 
10 first entry stored m the equivalent tatile N2 t (step A6). 

Sine© th© nods information flag FG of ths first: entry is 
"2" (YES al isli^y A7), Lh^^; :5eaL-ch ^secLiuu 12 deleiutliieb wlielhei 
Lhe data bit string of lha first entry in the equivalent table 
N2_t matches the search data with respect to the search bit 

16 length tnereot (step Ab). 

In thic example, the data bit string of the first entry 
is "00000000" and the search bit length thereof is "2". Since 
the first 2 bits of the search data "00011111" matches that of 
the data bit string ^^00000000" (YES at step A3), the search 

20 sftcti on 1 7 fitnrftfi thf^ rel atari Infnrmati on "A" f^rnvfid i n rhp. f i r,qr 
entry and a length of matching bits "2" into the memory (not 
shown} (Step Ay). Thereafter, the secona entry or tne 
equivalent table N2_t is selected (step All) and then the steps 
Ao-AlO are repeatedly performed while sequentially selecting 

25 the entr-ies of the equivalent table N2_t until the entry in 
question reaches the tail entry. Here, in the cases of the third 
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and fourth entries, the step A8 determines that the first 2 bits 
of the scorch da^ta ''OOOllllI" matches that of the data bit string . 
Therefore, a pair of the reiated information "C" fit or Ad in the 
third entry and a length of matching bits "4" and a pair of the 
5 related information "D" stored in the fourth entry and a length 
of matching bits "5" ara stored in the memory (not ehown) (step 
A9) . 

When the entry in question reaches the tail entry (YES 
at step AlO], the search section 12 selects the related 
1(1 information "D" having the longest matching length and outpi:t5^ 
it as a search result to the output device 31 (step A12), 

m this embodiment , a pair of the related information and 
the search bit length is stored in the memory (not shown) at 
Lhtzj slept? A3 and A9 . 

1 5 Alternatively, t^e equivalent table N2_t may be previ onsly 

sorted in ascending order of search bit length. In this case, 
only the reiated information is stored in the memory (not shown) 
at the steps A3 and A9 and the related information stored latest 
is output as a search result to the output device 31. 

20 The major portion of search time is occupied by memory 

access time. Accordingly, it can be assumed that the time 
rAquired to acCA.cp nnp Antry of thp. ftqni v;=!l Ant tahlp N?_t i <^ 
substantially equal tc the time T required to follow one node 
or the tree, m tne case where a search result is obtained from 

25 the equivalent table N2__t, the maximum cearch time ic 5T that 
io ubldined by adainy Lhe Lime T required to follow the node 
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Ml anfi fhA timp. dT r-^qnirAd fn c;fi?iTr.h all An-hTiA?; of thf^ 
equivalent table N2_t . In the case where the equivalent ta^ble 
N2 t is not accessed but one of the nocles Nil-Ni4, the maximum 
search time ie 4T as described before « Therefore, the maKimum 
5 isedrch time of the euibuaimeat Is 5T. 

As described above, the equivalent table stores a 
plurality of entries without the need of pointers to child nodes 
in the case of a tree structure, re^^altlng m reduced amount 
of memory to store the data structure. For e:<ample, the size 

10 of the data structure of the present embodiment as shov/n in Fig. 
6 ic cmaller than that of the conventional data structure ae 
shown in Fiq. 4. Each node in the data structure according to 
the embodiment needs a total of 34 bits, which is greater than 
that ol the conventioncil data structure as shovfn in Fig. 4 by 

15 1 01 r hRC.fiUi^a a node information flag FG for each node in the 
embodiment is 2 bits while that of the conventional data 
Structure is i Dit . In the case where each entry in the 
equivalent table is composed of 2-bit node information flag FG, 
1-bil Lail euLry Ilacj, 3-bit data bit string (L==8), 4-bit search 

:^.0 data length, and 8-bit related information, a total of bits for 
each &ntry in the equivalent table is 23. Accordingly, when 
6 noaes ana 4 entries are storea as shown m ir'ig. 5, a total 
of bite in the data structure arc 365 (- 34 x 8 + 23 x 4). 

in contrast, since each of 14 nodes needs 33 bits in the 

^5 conventional data structurs as shown in Fig, 4, a total of bits 
is 462 35 X 14). Thererore, compared with the conventional 
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data flfrnct^irft , thA prp.c:Anf. p.mbnriimp.nt allriw5^ thp. pi-i?^ of data 
structure to reduce by about 22%. 

further, line present embocilment can reduce tne number of 
addrecsec to store the data ctructure, Accuming that the number 
5 of t)its for each address is 32, the conventional data structure 
as shown in Fig_ 4 needs 23 addr^eses because two addresses 
are needed to store data for each of 14 nodes , 

Contrarily, accoriiing to the pre?;ftnt emhoriimant, 
the number of nodes is 8, the number of entries in the equivalent 

iO taoie IS 4, tne necessary number ot addresses to store data tor 
one node ic 2, and the ncooccary number of addrccccc to ctoro 
data for one entry is 1. Accordinqly, the necessary numt)er of 
addresses to store the data structure as shown in Fig. 6 is 20 
( = 2x8 + 1x4). Therefore^ compared with the conventional data 

]5 structure , the pre.qent embodiment al 1 ow5! the number of addresses 
in the memory to reduce by about 20%. 

DATA STRUCTURE CONSTRUCTION 
Referring to Fig. 6, a search system is composed of a 
cuiupuLej: 41 , an iupuL deviee 51 i?ucii <xiS a keyboard and a poiiiLiuy 

70 device, an output device 51 such as a monitor, and a memory 71. 
which arc connected to the computer 41. The computer 41 
implements a data construction section 42 and a search section 
43 by running corresponding programs stored in the memory 71 
such as a nonvolatile semiconauctor memory , a aisK. or tne like. 

25 A memory 44 is a main memory for a processor to store data to 
be searched and corresponding related inrormation , which are 
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usea ro construct a data structure according to trie present 
invention . 

The search section 43 has the same functions as the search 
section 12 as shown in Fig. 5. The data construction section 
5 42 includes a controller 42L, a tree lormation section 422 
1 ncl nfi1 ng a rontci poi nrnr r^gi st^r 42.'? , a rp.pl acAd nndA .qp.l Antor 
424, and an equivalent table formation section 425. The 
fj controller ^21 controls tne operation ot the components m the 

Jft- data construction section 42. 

10 The tree formation section 422 has a function of forminq 

O a tree structure (here, quad tree) used for radix search on 

the memory 44 based on the data Lo be seaj-Ched and the 
f=% r.orresponding related information, which are stored in 

the memory 44- 

^ [5 The replacea node selector 4:^4 nas a tunction ot 

H calculating the maximum search time in the tree structure formed 

by Lhe Lree foimaLiuu aeuLlon 422 and further a fuuclioii of 
selecting a node to be replaced with an equivalent table on 
condition that , if the node is replaced with the equivalent table , 
20 men the maximum search time for a new data structure .inclurling 
the equivalent tabic is not longer than the calculated maximum 
search time ana tne necessary amount of memory is reduced. 

The equivalent table formation section 42 5 has a function 
ul fuiiuiny au equlvdleiil Lable from the tree structure of Lhe 
qpipoted node or lower so that the equivalent table stores all 
items o£ data to be searched included in a set of data, indicated 
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by tne selected node to be replaced with the equivalent table 
and a function of replacing the tr-cc ctructuirc of the 
selected node or lower with the equivalent table. 

Hereafter, the data structure construction operation will 
5 be described by referring to Figs. 9-12. 

l^ftfArring to Pig. 10, whAn thA nnntrnllp^r ^71 i np; trnnt?; 
the tree formation section 422 to form a tree data structure 
for radxx search, the tree formation section forms a tree 
data structure as chovm in Fig. 11 on the memory 44 based on 
10 the data to be searched and corresponding related information 
as shown in Fig, 9 (stap Bl). 

In Fly. 11, Lhe luruiuiaLluu blu-Led in each of LUe nudeia 
Nl-Ml^ 1? s-rmilar to thr^t nn e^ch of the nof^e.'? Ml -Nl d c;hnwn 
in Fig* 4» 

1:1 Tnereatter, tne tree tormation section stores a 

pointer to the root node Nl in the root pointer register 423 
(step B2). Vlhen the tree formation operation of the tree 
formation section 422 has been completed, the controller 421 
starts the replaced node selector 424. 

20 The replaced node selector 424 calculates a maximum search 

time Tma;^ for a tree structure of the root node Nl indicated 
by rhe pointer stored m the root pointer register 4^:j [step 
E3) , The maximum search time Tmax is calculated by Tn x NLmax, 
whtire Tn is the time required to follow one nude of the Lxee 

25 and NLma:£ is a level of a lowermost node in the tree. 

Further, the replaced node selector 424 sequentially 
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selects the nodes of the tree 55tri]c:ti3rft a?: shown in Fig. 11 
according to a predetermined rule- For example, the nodes of 

Fiq. 11 are sequentially seiecrea in ascenaing order of level 
and, whan two or more nodos are found at the eam© level. 
3 Lhtiiie uuduii aie i>uqutju llally b'tjlu^; Led in bi.-au;;h order preiseuted: 
"on'' , "01", "10", and "11". 

The replaced node selector 424 determines whether a 
seguentidlly selected node satisfies the following conditions: 

a) when the sequentially selected node is replaced with an 
10 equivalent tahle to form a new data structure, the maximum 

search time Tmax_t calculated form the new data structure 
Is iiQl longai Lhaii Lhtt luciximum sedrch timy Tmdx ccLlculdLea 
at the step B3; and 

b) when the sequentially selected node is replaced with an 
l.-^ equivalent table to form a new data structure, the necessary 

amount o£ memory for the new data structure io cmaller than 
before the replacement. 

A decision on whether a sequentially selected node 
satisfies the conditioa (a) is made depending on, for example, 
7.(1 rhp. f 0.1 lowing equation: 

^ N,, X K, when K = Te/Tu, 

Where No is t:ne numoer ot items ot aata to De searcnea (vnicn 

ie the same ac thar of entries in the equivalent table) included 
in a set of data desiqnated by the seauentially selected node, 
25 is the number of levels of the sequentially selected node 

or lower in the tree structure, Tn is the search time per node. 
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and Te is the search time per entry ia the equivalent table. 
If Nq ^ ^ K for a selected node, then it is detftrmined that 

the selected node satisfies the condition (a) . 

When having found a nods satisfying both the conditions 
5 (a) and (b)^ IhtJ reylactjd uudts i^yltsuLui 424 uuLyuLi) a puiuLtir 
r indicating the found node to the equivalent table formation 
section 425 (step D4) . 

When the replaced node selection operation ot tne 
replaced node selector 424 has "been completed as desoribed above, 
lU the controller 421 starts the equivalent tahle formation section 

425, 

Upon receipt of the pointer r iuaicating the found node 
from the replaced node selector 424, the equivalent table 
formation section 425 releases a tree structure of th© found node 

15 or lower. Thereafter, the equivalent table formation section 
425 Gcarohec the memory 44 for a collootion of data to be searched 
and corresponding related information, which are included in 
a set of data designated by the found node, and forms an 
equivalent table from the found collection of data and 

21) r:orrAfipond1 ng rftlaf^d information (fitftp RS). Thftn, tha 

equivalent table formation section 425 stores the equivalent 
table formed at the step into the location indicated by the 
pointer jt on the memory 44 (step B6). 

The controller 421 may repeatedly start the replaced node 

25 selector 424 and the equivalent table formation section 425 
arbitrary times. In the case where the replaced node selector 
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424 is started by the controller 421 fwc or mor^ timAf=;, a 
previously selected node is canceled before performing the step 
B4. 

Referring to Fig. 12, th© trss structure of the node N6 
5 ox luwyjL It) xtjplac^ttd wlLh an ei4uivalt;sii L Lable N6_L . Thli^ dale 
structure is constructed from the tree structure formed by the 
tree formation section 422 by operating the replaced node 
selector 424 and the equivalent table tormation section 425 
once - 

10 An example of the data structure construction operation 

will be deecribed, taking the case of Tn - Te - that is, K 
- Te/Tn - 1 as an exampl«. where Tn is the search Liuie pex nude, 
and Te is the search time per entry in the equivalent table. 

The tree formation section 422 forms a tree data structure 
as shown in Fig. 11 on the memory 44 and stores a pointer to 
the root node Nl in the root pointer rcgicter 423 (ctepo Bl and 
B2). Thereafter, the replaced node selector 424 calculates 
a rnaximum search time Tmax for the tree structure as shown in 
Fig. 11 (step B3). Since the lowermost level of the tree 

21) atructnrft as shown in Fig. 11 is 'M", thA ma>:imum c;p.^rnh timp. 
Tmax for the tree structure is 4T. 

subsequently . the replaced noae selector 424 sequenriaiiy 
selectc the nodes starting with the root node Nl according to 
breadth-first search. If the node Nl is replaced with an 

25 equivalent table, then the number of entries in the equivalent 
table is 8. Therefore, the maximum search time Tmax_t required 
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to searcn a new data structure including the equivalent table 
ic 8T. Since Tmax_t = 8T oxooodo Tmas - 4T, thlG node Nl dooG not 
satisfy tne condition (a), This causes the replaced node 
selector 424 to select a subsequent node N2, 
J ir Lhy uOde Nl lb j-tjplaCod wllli au ^;i(4ulvdlt?a L Lablt?, Llieii 

rhA nnmhAr of Antrip.?^ in thA AqnivaTent t^^hlp. 7 4 . ThArAfnrA, 
the rnaximuin search time Tmax^t required to search a new data 
Structure including tne eauivaient table is t)T. wnicn is 

obtained by adding the search time T for the node Nl to the search 

iO time 4T for tne 4-enrry equivalent table, since Tmax t = 5T 
<^y:cQQdB Tmax = iT, this nodo N2 doas not satisfy ths condition 
(a). Thii? cauiseii Lhe replaced nude belecLur 424 Lu ^eleuL 
a next node N6 because the breadth-first search cinhAmp is 
erriploved- 

1-^ It tne node No is repiacea witn an equivalent tame, men 

the number o£ cntriec in the equivalent tabic ±a 2. Tnerefore, 
the majximum search time Tmax_t required to search a new data 
structure including the equivalent table is which is 

obtained by adding the search time T for the node Nl to the search 

211 time PT for the 7-entry equivalent table. Since Tmax_t - 3T is 
smaller than TmaK = 4T, thi^ node N6 satisfies the condition 
(a) . 

Furthermore, in the case where each node needs 34 bits 
aud each entry of an equivalent taUle needs 23 blLs. Lhe rel^^i^e 
25 of the nodes N6 and its child nodes N7-N9 reduces the number 
of bits by 136 (- 3 4 x 4) and the number of bits required for 
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Zhe equivalent tadle N6_t is 46 (= 23 x 2] . Tneret'ore. tormation 
of the equivalent tabic Nfi^t achicvca a reduction of 0 0 bits 

(= 135 - 4^), Which means that the node N6 also satisfies the 
condition (b) , The replaced node sdlactor 424 e^lects th& nod© 

J N6 aiid OutlpuLs d yOlutcL to Lli© node N6 to Llie equivalcuL Lablti 
format -ion c; Ant inn ^iP.S. 

Upon receipt of the pointer to the node N6 from the 
replaced noae selector 4^4. tne equivalent taDie tormation 
section 425 rclcaizcc; a tree structure of the node N6 and its 

iO child nodes lSf7-N9. As shown in Fig. 11. a set of data deslqnated 
by th« node N6 consists of all tha bit strings starting with 
''10''. The equivdleiil Lable luJ-xualioii beclioxi 425 i^eaxuhes 
the memory 4 4 for a collection of data to be searched and 
corresponding related information, which are included in the 

1.-5 set ot data designated by tJie node 

In this example, the memory 44 stores the data to be 
searched and corresponding related information as shown in Fig. 
9. Therefore, the equivalent table formation section 425 finds 
two pairs of data, (1000, E) and (10000, F) , as ^ collection 

20 of data to be 5;earched and corrftspondi ng rftlatftd Information, 
which arc included in the act of data dcaignated by the node 
No. The eguivalent tatiie formation section 425 forms data of 
entries for the equivalent table N6_t from the found pairs of 
QciLd (1000, E) and (10000, F) , respectively. Each of the eutrieti 

25 stored in the equivalent table H6_t has a format composed of 
a 2-bit table node information flag field TO, a tail entry flag 
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tieia, a data bit string tieia, a searcn bit lengtn tisia, and 
a related information field. Each data bit string in obtained 
by aadinq '^O' to a correspondlnq item of data so mat tne tit 
length thereof is equal to the maximum bit length of search data. 
5 The equivalent table N6_t lormed as described above is stored 
at thft lonat-lon 1nd1 catftd by the pointer to the node N6 on 
the memory 44 . 

AS described above, formation o± an eQUivalenr table 
according to the present embodiment can achieves a reduction 
10 of necessary amount of memory without increasing in maximum 
search time. In addition, the present embodiment can reduce 
the uuinber ol addresses to store the data structure. Assuming 
tbat the number of bits Pnr eanh addre.ss i<? thA nnnvp.nt i nna 1 
data structure as shown in Fig, 4 needs 28 addresses because 
1^ two addresses are needed ro store data tor each of 14 nodes. 

Contrarily, according to the present embodiment, as sho^^-n 
in Fig. 12, the number of aodas is S, the number of enlrleii la 
the equivalent table N6_t is 2, tha necessary number of addresses 
to store data for one node is 2, and the necessary number of 
2(i addresses to store data for one entry is 1. Accordingly, 

the necessary number of addresses to store the data structure 
as Shown in Fig. 12 is 20 (= 2 x 9 + i x 2) • Therefore, compared 
with the conventional data structure, the present embodimGnt 
cilluwa Lhe uuiubex uf ddJie^ibeii la Ihe uiemuiy Lu leduue by abuut 
^5 7<^->, 



